We have identified the first gene lying on the centromeric side of the ␣-globin gene cluster on human 16p13.3. The gene, called 16pHQG;16 (HGMW-approved symbol LUC7L), is widely transcribed and lies in the opposite orientation with respect to the ␣-globin genes. This gene may represent a mammalian heterochromatic gene, encoding a putative RNA-binding protein similar to the yeast Luc7p subunit of the U1 snRNP splicing complex that is normally required for 5 splice site selection. To examine the role of the 16pHQG;16 gene in delimiting the extent of the ␣-globin regulatory domain, we mapped its mouse orthologue, which we found to lie on mouse chromosome 17, separated from the mouse ␣-cluster on chromosome 11. Establishing the full extent of the human 16pHQG;16 gene has allowed us to define the centromeric limit of the region of conserved synteny around the human ␣-globin cluster to within an 8-kb segment of chromosome 16.
INTRODUCTION
With near completion of the human genome sequence, it will now be possible to study in more detail the relationship between genome organization and gene expression. The most telomeric region of the short arm of human chromosome 16 (16p13.3) has been fully sequenced and shown to be a GC-rich, Alu-rich isochore containing a high density of CpG islands and genes (Flint et al., 1997) . Many of the genes in this region are widely expressed, but the ␣-globin genes (2-␣2-␣1), which lie 170 -430 kb from the telomere (Wilkie et al., 1991) , are expressed in a strictly tissueand developmental stage-specific manner. Therefore, it will be important to understand how expression of genes within the ␣-globin "domain" are protected from the influence of the surrounding genes and vice versa. As a first step toward this end, it will be necessary to characterize fully the genes that flank the ␣-globin domain and delimit the chromosomal unit containing all of the sequences required in cis to regulate ␣-globin gene expression fully.
We have previously shown that on the telomeric side of the ␣-globin cluster its regulatory element lies in the intron of a highly conserved, widely expressed gene (16pHG;7) whose function is unknown (Vyas et al., 1992 . Preliminary studies suggest that HS-40 does not influence expression of this gene (Bernet et al., 1995; Craddock et al., 1995) . Immediately flanking 16pHG;7, on the telomeric side, is a gene (16pHG;6) encoding a DNA repair enzyme (methyladenine DNA glycosylase; MPG) whose structure and pattern of expression have been fully characterized: again this gene does not appear to be influenced by HS-40 (Vickers et al., 1993) . We previously identified two exons of a widely expressed gene (16pHQG;16, also called ϩ80) 2 lying on the centromeric side of the ␣-cluster (Flint et al., 1997) . Here we report the full extent of this gene, its pattern of expression, and its proposed role in pre-mRNA splicing. In addition, we provide evidence, based on the evolution of the ␣-cluster, suggesting that this gene marks the centromeric extent of the region of conserved synteny between the human ␣-globin locus at 16p13.3 and mouse chromosome 11. lymphoblastoid cell lines, and peripheral blood primary cells (a kind gift from Dr. D. Garrick) using the TRI reagent (Sigma) according to the manufacturer's instructions. Fifty microliters of reverse transcription (RT) reactions was performed using 5 g of total RNA, 10 pmol oligo(dT), and Expand Reverse Transcriptase (Roche) in accordance with the manufacturer's directions. 3Ј RACE was performed on 1 l of the first-strand cDNA using primer 460 in exon 3 (5Ј CAAGAGTCACCTTCTGGACTG 3Ј) and an oligo(dT) 17 tagged with a ClaI restriction site for cloning purposes. PCRs were performed for 40 cycles (94°C for 30 s, 55°C for 30 s, 72°C for 3 min) using a mixture of Pfu (Stratagene) and Taq (Roche) polymerases (1:15) and following the directions for Pfu polymerase. 3Ј RACE products were then digested with ClaI and cloned in the EcoRV and ClaI sites of pBluescript KS(Ϫ) (Stratagene).
MATERIALS AND METHODS

5Ј and 3Ј RACE and full-length RT-PCR.
To perform 5Ј RACE, the first-strand cDNA was synthesized using primer 456 in exon 4 (5Ј GCTCGGAGGGCCAAGTCGTGG 3Ј). The cDNA was tailed with poly(dC) using Terminal Transferase (Roche) according to the manufacturer's instructions. One microliter of the tailed cDNA was then amplified for 30 cycles using primer CT19 in exon 3 (5Ј ATGTCATGGGGGCAGCAGTC 3Ј) and the 5Ј RACE Anchor primer (Gibco BRL). A second round of PCR was performed on 1 l of the first-round PCR products using primer 436 in exon 2b (5Ј CACCAAGGGTGACTTATAGAGCTGG 3Ј) and the 5Ј RACE Anchor primer (Gibco BRL). PCRs were performed using the Expand PCR kit (Roche), following the manufacturer's directions. 5Ј RACE products were then treated with Klenow polymerase (Roche), phosphorylated using T4 polynucleotide kinase (T4 PNK, Roche), and cloned in the EcoRV site of pZErO2K (Invitrogen).
The 3Ј and 5Ј RACE libraries so obtained were screened with primer 456 in exon 4 and primer 437 in exon 2b (5Ј GCAACTCTCTTTTTTAAGGGTGGG 3Ј), respectively, using standard methods. Full-length PCR was performed on 1 l of oligo(dT) synthesized first-strand cDNA with primer CT20 in exon 1 (5Ј TG-GACCAGCTCATGGGCACG 3Ј) and primer CT4 in exon 12 (5Ј TA-GATCGATCCTACTCAACATGACCC 3Ј), using an Advantage ϪGC genomic PCR kit (Clontech) according to the manufacturer's directions. The products thus obtained were treated and cloned in the EcoRV site of pZErO2k (Invitrogen) as described for the 5ЈRACE products. Sequencing reactions were performed using M13 forward and reverse primers and 16pHQG;16-specific primers. Perkin-Elmer BigDye chemistry was used for the sequencing reactions that were then electrophoresed on Applied Biosystems (ABI) 373 or 377 sequencers.
All the PCRs were performed in a PTC-225 Peltier Thermal Cycler (MJ Research, Inc.). All the oligonucleotides described in this study were purchased from Genosys.
Northern blot analysis. Poly(A)
ϩ RNA was isolated from 300 -500 g of total RNA with the Poly(A) Tract System (Promega), following the recommendations of the manufacturer. Preparation of Northern blots and hybridization with radiolabeled probes were performed using standard methods. The 237-bp 16pHQG;16 probe used for the expression studies is schematically represented in Fig. 2A . It was amplified by PCR on 3ЈRACE clone 460.1 (Fig. 2B ) using primers in exon 6 (CT10: 5Ј CAATGGATCACTTGGAGTCC 3Ј) and exon 7 (CT12: 5Ј TCGCACGAACTTTTTCCACTTC 3Ј). PCRs were performed for 30 cycles (94°C for 30 s, 60°C for 30 s, 72°C for 40 s) using Taq polymerase (Roche). The multitissue Northern blot from Clontech was hybridized following the manufacturer's directions.
Protein sequence analysis. Open reading frames were identified using the MacVector software package (Oxford Molecular). Protein sequence analysis was performed using the ProfileScan tool available on line from the ISREC bioinformatics home page (http:// www.isrec.isb-sib.ch). The predicted protein sequence was used to search the database using the programs BLAST and ⌿-BLAST (Altschul et al., 1997) . Homologous protein sequences were downloaded to MacVector, and the multiple alignment was performed using the ClustalW analysis tool.
Southern blot analysis. Genomic DNA was prepared from EBV transformed lymphoblastoid cell lines, MEL (mouse erythroleukemia) cells, interspecific hybrids, and CHO (Chinese hamster ovary) cells, and recombinant DNA was prepared from P1 clones. Restriction digestions and preparation of Southern blots were performed following standard methods. The probe used for the mapping studies is 100 bp long and is schematically shown in Fig. 2A . It was obtained by RT-PCR on total RNA from K562 cells (see above) using primer 460 in exon 3 and primer 456 in exon 4 (see above). Hybridizations with this probe were performed in the presence of 200 g/ml of human genomic DNA cold competitor. The probe Hba-ps4 used to hybridize the P1 Southern blot (Fig. 5B , left panel) is 667 bp long and was amplified by PCR on mouse genomic DNA using primers M19F (5Ј CCAACTGGTCCTTTTCCTGAGG 3Ј) and M20R (5Ј TTCAGT-GAGAGACCCACCAAGG 3Ј). To amplify the probes, PCRs were performed for 30 cycles (94°C for 30 s, 60°C for 30 s, 72°C for 40 s) using Taq polymerase (Roche). The Hba-ps4 probe was amplified using the buffer provided by the supplier, while the 16pHQG;16 mapping probe was amplified using a 1:2 dilution of 2ϫ DMSO buffer (32 mM (NH 4 ) 2 SO 4 , 134 mM Tris-HCl, pH 8.8, 20% DMSO, 20 mM ␤-mercaptoethanol) in the presence of 1.75 mM MgCl 2 .
RESULTS
Characterization of the Human 16pHQG;16 Genomic Locus
Using a combination of Gene Prediction algorithms, RT-PCR, and Northern blot analysis, we previously identified two exons of a widely expressed gene (16pHQG;16, also called ϩ80) lying on the centromeric side of the human ␣-globin cluster (Flint et al., 1997) . Provisional data suggested that this gene is associated with one of two CpG islands (K and L in Fig. 1 ) and is transcribed toward the telomere in the opposite orientation to the ␣-genes. To characterize the full extent of this gene, we performed 5Ј and 3Ј RACE on total RNA isolated from K562 cells (a human erythroleukemia cell line).
Using 5ЈRACE, we could detect only transcripts originating at CpG island K in K562 and in primary cells. Moreover, sequence analysis using a combination of exon prediction programs and EST matches suggests that CpG island L is associated with the promoter of gene 16pHQG;17, which is transcribed in the opposite orientation to 16pHQG;16 ( Fig. 1 ; J. Peden, pers. comm., MRC, Oxford, UK, 2000). Several products were detected using 3Ј RACE, and those whose 3Ј end extended the furthest terminate close to a constitutive DNase I hypersensitive site located at coordinates 178,617-179,017, about 8 kb downstream of the ␣-globin cluster (Fig. 1) . No transcripts extending further 3Ј could be detected by 3ЈRACE, suggesting that this site corresponds to the 3Ј end of the 16pHQG;16 mRNA.
Based on a comparison of data from these RACE experiments with genomic sequence, the human 16pHQG;16 gene spans about 40.5 kb (coordinates 178,975-219,450, allele A) (Flint et al., 1997) and is composed of at least 12 exons ( Fig. 2A) . Other than these exons, this region of 16p13.3 consists almost entirely of Alu and MER1 repeats. We have previously shown that this region (ϳ180,000 to ϳ218,000) is DNase I insensitive and without any distinguishable CpG island, and it may therefore represent a relatively "closed" chromatin environment ( Fig. 1) (Flint et al., 1997) .
The Human 16pHQG;16 Gene Is Alternatively Spliced
By RT-PCR using primers at the 5Ј and 3Ј ends of the cDNA and by 3Ј RACE, we identified several cDNA isoforms indicating a complex pattern of mRNA splicing (Fig. 2B) . A preliminary BLAST analysis of the DNA sequences so obtained revealed the presence of other putative 16pHQG;16 paralogues in the human genome as well as in other species (data not shown, and see Discussion). To examine the pattern of splicing isoforms transcribed from the human 16p13.3 homologue, we generated a cDNA probe spanning exons 6 and 7 ("expression" probe, Fig. 2A ) that specifically and exclusively recognizes the human 16pHQG;16 gene on chromosome 16 (Fig. 3A) . Using poly(A) selected RNA from human cell lines and from human tissues, this probe detects two predominant transcripts of about 3.5 and 2.5 kb (as previously noted, Flint et al., 1997) and several additional bands ranging between 1.4 and 1.6 kb (Figs. 3B and 3C ). All of these transcripts are specific to human chromosome 16, as indicated by the decreased intensity of the signals detected in samples from EBV transformed lymphoblastoid cell lines derived from an individual heterozygous for a deletion removing the last three known exons of the 16pHQG;16 gene (ZF EBV; Barbour et al., 2000) compared to a normal control (TA EBV) (Fig. 3B) . Moreover, the relative amounts of the various splicing isoforms seem to vary within different tissues, suggesting that some splicing isoforms are regulated in a tissuespecific manner (Fig. 3C) . The full-length cDNAs thus far isolated can account for the 2.5-kb transcript and for the smaller transcripts (Fig. 2B) . The 3.5-kb transcript might include some of the ESTs mapping to the 16pHQG;16 gene locus that do not correspond to currently identified exons.
The Human 16pHQG;16 Predicted Protein Is Highly Conserved through Evolution and Is Homologous to the Yeast Luc7p Splicing Factor
So far, the longest open reading frame corresponding to 16pHQG;16 is found in the 1.265-kb transcript and encodes a predicted protein of 371 amino acids (Fig.  4A ). Using PROSITE, it appears that exon 8 encodes a C2H2 zinc finger motif (aa 190 -215, C2H2 Fig. 4A ) typically found in RNA-binding proteins (Matsushima et al., 1997) , and exons 9 -11 encode two overlapping bipartite nuclear localization signals (NLSs) (aa 275-292, and aa 287-304, corresponding to NLS in Fig. 4A ). The COILS program predicted a coiled-coil motif in the region encoded by exon 6 (aa 126 -146, CC; Fig. 4A ). Database comparisons using the predicted 16pHQG;16 polypeptide revealed partial homology to several deduced proteins over a wide evolutionary spectrum in- cluding yeast, plant, worm, fly, and mouse and a family of at least four genes in human (Fortes et al., 1999; Nishii et al., 2000) . Multiple alignments identified an additional C3H zinc finger motif encoded by exons 3 and 4 (aa 36 -63, C3H; Fig. 4A ). Moreover, the two regions encoded by exon 1 (N-terminal conserved region (NCR), aa 6 -14) and exon 8 (C2H2) each showed a highly significant similarity across all species studied (Figs. 4B and 4C) although at present the role of the NCR remains unknown. Interestingly, the predicted protein products of the transcripts including alternate exons 2, 2b, and 5 lack the NCR and the C3H zinc finger and are translated starting at methionine 87, retaining the C2H2 finger (Fig. 2B) . Exon 8 encoding the C2H2 finger can be skipped without affecting the reading frame (Fig. 2B) . The 1.331-kb transcript utilizes an alternative splicing site in intron 11, causing the introduction of a premature stop codon in alternate exon 11a and truncation of the C-terminal region. The C-terminal sequence of the metazoan homologues contains multiple arginine-serine (RS) and arginine-glutamate (RE) repeats partly overlapping with the NLS (RS and RE domains; Fig. 4A ). This feature is commonly observed in a family of proteins involved in pre-mRNA splicing, referred to as SR proteins (Valcarcel and Green, 1996) suggesting that the 16pHQG;16 gene might also play a role in splicing. Consistent with this finding a homologue for the 16pHQG;16 gene was recently identified in Saccharomyces cerevisiae. This homologue, called Luc7p, is an essential component of the U1 snRNP complex and is required for 5Ј splice site selection (Fortes et al., 1999) . Because of the similarity to its yeast counterpart, we refer to the human 16pHQG;16 gene as LUC7-LIKE.
The Mouse Orthologue of the Human 16pHQG;16 Gene Maps to Chromosome 17
The evolutionary conservation of ␣-globin regulation suggests that the limits of the ␣-globin regulatory domain must lie within the region of conserved synteny between human 16p13.3 and other species. We were therefore interested in establishing the map position of the mouse homologue of the 16pHQG;16 gene. In contrast to the human ␣-cluster, the mouse ␣-globin cluster is located at an interstitial position on mouse chro-
FIG. 2. (A)
Structure of the 16pHQG;16 genomic locus. The scale is in basepairs, and it is decreasing because the segment has been oriented with the centromere on the left and the telomere on the right to reflect the transcriptional orientation of the gene. Exons are numbered 1-12 below the schematic. Note that 2b is obtained by retention of intron 2 and 11a by usage of an alternative splice site in intron 11. The cDNA probes used for expression studies (Fig. 3) and for the mapping studies (Fig. 5) mosome 11 (Leder et al., 1981 (Leder et al., , 1985 Tan and Whitney, 1993; and V. J. Buckle, pers. comm. MRC, Oxford, UK, 1996) . In addition, two ␣-pseudogenes, Hba-ps3 and Hba-ps4, are present in the mouse genome, on chromosomes 15 and 17, respectively (Leder et al., 1981) . The sequence homology between the region telomeric to the ␣-cluster at human 16p13.3 and mouse chromosome 11 extends beyond the region containing the ␣-globin genes and their major regulatory element (Kielman et al., 1993 (Kielman et al., , 1996 (Fig. 1) . In contrast, genes centromeric to the human ␣-cluster are not syntenic to the major ␣-globin complex on mouse chromosome 11, but are found in a region lying proximal to the mouse ␣-pseudogene Hba-ps4 on chromosome 17 (Himmelbauer et al., 1992; Obermayr et al., 1995; Olsson et al., 1995) (Fig. 1) .
Southern blot analysis of DNA from P1 genomic clones from mouse chromosome 11 failed to identify the 16pHQG;16 gene homologue in a region extending up to 130 kb downstream of the ␣-genes (data not shown). We therefore analyzed DNA from interspecific hybrids containing a single copy of mouse chromosome 17 in a human (EJ167) or hamster (R44) background and human chromosome 16 in a mouse background (MELϫ16). For this analysis, we used a cDNA probe corresponding to the human 16pHQG;16 gene exons 3 and 4 ("mapping" probe; Fig. 2A) , distinguished from the human 16p13.3-specific probe used for the expression studies (expression probe, Figs. 2A and 3) . In Southern blot experiments, the mapping probe recognizes only the 16p homologue and the mouse and hamster homologues, suggesting that the gene is conserved in these species (Fig. 5A) . Although one of the mouse homologues is found on chromosome 17, it is clear that, as in human, other paralogues are present in the mouse genome (Fig. 5A , compare lanes MELϫ16 and MEL with lanes m3ϩm17 and m17ϩm18). We used the same probe to analyze two overlapping P1 mouse genomic clones, 33L10 and 17N8, mapping to mouse chromosome 17 and including Hba-ps4 (Fig. 5B , left panel) . We found that this probe recognizes fragments of the P1 clone 17N8 of the same size as those detected in the interspecific hybrid (Fig. 5B, right panel) . Because 17N8 is about 75 kb long (data not shown), the mouse homologue lies very close to Hba-ps4. Using probes from the 3Ј end of the human 16pHQG;16 gene, we were able to show that these sequences are present on both P1 17N8 and 33L10, suggesting that the mouse homologue on chromosome 17 is intact (data not shown). Hence, we concluded that this gene is the orthologue of the human 16pHQG;16 gene at 16p13.3. Therefore, the human 16p13.3 telomeric region switches in homology from mouse chromosome 11 to mouse chromosome 17 (Fig.  1) within the ϳ8-kb sequence separating the end of the gene from the end of the 16pHQG;16 gene (coordi-
FIG. 3. (A) Southern blot of
EcoRI/PSEI digest of genomic DNA from human cell line TA EBV, interspecific hybrid MELϫ16, and mouse cell line MEL. Note that the cDNA probe from exons 6 and 7 is specific for human chromosome 16 (see Fig. 2A for a map of the probe used for these studies). (B) Northern blot analysis of poly(A) RNA extracted from a normal human cell line (TA EBV) and from a human cell line heterozygous for a deletion that removes the last three known exons of the 16pHQG;16 gene (ZF EBV) (the extent of the ZF deletion is schematically represented in Fig. 1 ). Notice the decrease in intensity of the transcripts in ZF EBV compared to the normal control TA EBV, indicating that the transcripts thus identified are transcribed from human chromosome 16. (C) Human multitissue Northern blot (Clontech) hybridized with the same cDNA probe. The relative abundance of the alternative transcripts varies between tissues.
nates 171,107 and 178,975, respectively). Since one would imagine that sequences that are critical to ␣-globin expression could not be separated from the cluster during evolution, these findings delimit the centromeric limit of the ␣-globin regulatory domain.
DISCUSSION
We have characterized the full extent of the human 16pHQG;16 gene, the first gene found centromeric to the ␣-globin cluster at human 16p13.3 (Flint et al., 1997) . Unexpectedly, we have found that this gene is transcribed through a region with a very high density of methylated repeats and devoid of DNaseI HSs or CpG islands (Fig. 1) (Flint et al., 1997) . We have recently shown that this region is able to silence ␣-globin gene expression when juxtaposed to an ␣-globin gene by a naturally occurring deletion (Barbour et al., 2000) . Therefore this region represents a "heterochromatic" segment within the euchromatic 16p13.3 environment, and it is possible that the 16pHQG;16 gene provides an example of a human heterochromatic gene. Such genes have been characterized in Drosophila (e.g., rolled and light) and are similarly embedded within regions containing high densities of repeats and transposons (Cook and Karpen, 1994; Devlin et al., 1990; Eberl et al., 1993) .
In addition, we have shown that the 16pHQG;16 gene encodes a predicted RNA-binding protein homologous to the yeast Luc7p subunit of the U1 snRNP complex (Fig. 4 ). It appears that the 16p gene is a member of a family of at least four genes related to Luc7p (Fortes et al., 1999; Nishii et al., 2000) . It is intriguing to find that the human 16pHQG;16 protein with a potential role in regulation of alternative splicing is encoded by a gene that itself has a complex pattern of alternative splicing (Figs. 2 and 3) . In vertebrates, alternative splicing allows the quantitative control of gene expression and functional diversification of proteins during development and in differentiated tissues and seems to be regulated by broadly distributed factors such as SR proteins (reviewed in Lopez, 1998) . The production of variant forms of SR proteins by alternative splicing may be a mechanism for increasing the pool of splicing modulators available to control the selection of splice sites in various situations (reviewed in Chabot, 1996) . Finally, this study has brought us a step closer toward the identification of the centromeric limit of the ␣-globin regulatory domain. The pattern of expression of the ␣-globin genes has been highly conserved throughout evolution, and presumably, the entire region of conserved synteny between the human ␣-globin cluster and the mouse cluster will contain all the cisacting sequences absolutely required to regulate ␣-glo- bin gene expression fully. The characterization of the human 16pHQG;16 gene and the mapping of its mouse orthologue to chromosome 17 has allowed us to restrict to approximately 8 kb the interval within which lies the breakpoint of synteny between human 16p13.3 and mouse chromosome 11. Preliminary sequence data from mouse chromosome 11 confirm that the sequence homology between human 16p13.3 and mouse chromosome 11 is lost in the region immediately proximal to the ␣-genes (J.F., R.H., and D.R.H., unpublished data). It is possible that the centromeric limit of the human ␣-globin regulatory domain lies near, or corresponds to, the synteny breakpoint. The sequencing of the mouse chromosome 17 genomic clones encompassing the breakpoint of synteny is under way to define this limit precisely.
